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ASSTRACT

Recent interest in the ase of intracellniar microelectrodes for recording the electrical
potential across a cell membrane has introduced a number of technical problema for aolutioe.
One of these probleme concerns the deveiopient of special input devices that can be inserted
between micropipette electrodes and conventional physiological smplifiers. This report dis-

cusses circuits in which a very high input impedance can be achieved without loss in apeed
of response by the use of both positive and negative feedback princinles.

p3 L2 3

A preamplifier that has been constructod using these principles is described in consider-
able detail. It has been in use for about a year in neurophysiological investigation and has
served to demonstrate the validity of the principles on which its operation was based.

Much of the work reported here was performed in the Laboratories of Biophysics at Johns
Hopkins University and was aided by contract No. Nonr-248(11),(26) between the Office of
Naval Research and The Johns ijopkins University. Baltimore, Maryland.

Issued by The Naval Medical Research Institute

For Official Use
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I. INTRODUCTION

It has been eatablished for aome time (Barber, 1911; Chambers, 1922) that it is feasible
to penetrate snd withdrew micropipettes, probes, and other instruments from some kinds of
living cells. With the appearance of papers by Hodgkin and Huxiey (1939), Curtis and Cole
(1940), interest began to manifest itseif in utiiizing asome sort cf intracellular electrode
to 1scord active membrane potentials in electrically active celis: It was, however, not un-
til Gerard and his associatzs (Graham end Gerard, 1946; Ling ard Gerard, 1543} demonstrated
the usefulness of the uitremicropipette to record intracellular potentials in muscle fibers
that it became apparent that a technigue was avsilable to record directly from the interior
of a wide variety of cells.

Theae investigators observed that when the tip diameter of the pipette was of the order
of 0.5 micron or less, penetration of intact cell membranes wss possible with little evi-
dence of cell injury - at least for a period long enough to obtsin considerable information
regarding the static and dynwnic states of the membrane potential. This observation has been
confirmed by a number of investigators in many different types of electrically excitable
cells (Nastuk end Hodgkin, 19850; Woodbury, Woodbury and Hecht, 1950; Brock, Coombs and Eccles,
1951; Woodbyry and Patten, 1952; Eccles, 1952; Hartline, MacNichol and Wagner, 1953). The
pipette is usuaily f{ilied with a salt solution. The choice of electrolytes and concentraticns
has veoried with different investigators. A popular choice of late has been potassium chloride
in 2 or 3 molar concentration.

Essentially the pipette may be c nsidered a salt bridge from the interior of the cell to
sore external noapolerizable metal vlectrode connected to the amplifier. It suffers from a
serious defect, that .. its high impadance. Pipettes having tip diameters of less than 0.5
micron have resistances of from 10 to 50 megohms when filled with 3 ¥ KCl and hundreds of
megohins when filled with isotonic Ringer’s sclution. This high input impedance introduces
objecticnable features if the measured signal is led directly from the pipette to the inrput
stage of a conventiona) physiological amplifier. One of these features arises if grid current
flows through this impedance. An appreciable IR drop can be present and wouid have to be con-
sidered in anv d. c. measurements. Since grid currents drawn by ordinary vacuun tubes used in
solifiers are usually of the order of 10~ amperes, acros. - 100 megohm electrode it would
develop a 100 millivolt d. c. signal. Nor is the impedance of micropipettes constant in use,
for with plugging or breaking of the tip, as frequently occurs, large shifts in impedance are
seen. Clearly it is desirable to make the IR drop sc small as to not require consideration.

There is an additional reason for achieving a 'ow grid current. It has been our experi-
ence 22 well as that of o%\ers (Tasaki, 1953; MacNichol, Wagner, Hartline, 1953) that cur-

rents of the order of 107 amperes are adequate to alt=r the electrical exciiability of
nervous tizsug, We have, for thius reason, felt it desirable to specify a grid current of
less than 107~ amperes. More sxperience and more sensitive tests may =nable a more careful

estimate of a safe value to be made.

An even more serious consequence of the high impedance electrode is the effect on the
response time. If the effective input capacitance of the electrode and amplifier were 10 £, |
@ not tnressonable figure, and 1{ _the electrode had a resistance of 10 ohms the input circuit
would have a time constant of 10 secoids. This is entireiy too slow for following the ex-
citatory ovents in neurons. Thus it ia evident that special input circuits must be employed
to fulfill two important conditinns, verv low grid current, and very small effective input

cap&citance.

) .8 ._10

Ordinary rudio receiving tubes have grid currents of from 107 to 10 amperes when
operated 'mder normal conditions. Careful s«lection and agingl?f some types such as the 6AKS
and 5879 have yielded a few units having grid currents of 107 amperes or less. Electrometar
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tubes are avsilable having grid currents as small as 10-*° amperes; hut as ordinarilv uced,
these tubes do not permit achievement of a smail input capacitance and consequent short
response time. It will be shown later that they can be used in multistagze feedback-amplifiers
in such a way that very small grid current and short response time can be achieved simul-
taneously.

II. THE USE OF NEGATIVE FEEDBACK

As far as the authors are aware all the input stages currently in use for recording
action potentials from micropipette electrodes make use of negative feedback to increase the
input impedance of the amplifier and to stabilize its gain. A review of the ¢lementary feed-
back theorems will explain why feedback is effeciive (Williams, 1949; Eode, 1945).
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Figure 1. - Schematic of & simple feedback amplifier.

Consider an amplifier having a gain A between its input and its output terminals (fig.l)*.
It has an input impedance Z_and is so connected that a fraction £ of the output signal vol-
tage E  is fed back to the input circuit and subtracts from the input sigmel F,.

The signal at the grid of the amplifier Eg = Ex ~ B E,.
Since the amplifier has gaia A, E = AEg.

Substituting for E, Eg =E, -ABE_ and

-

1 +AB.

a;ﬂly.l

E.
Let the amplifier have an input impedance Z, = .1 . The source of this input impedance

1.
1
is the grid circuit impedance Zg of the amplifier which is the only path through which the
input current I, fiows so that E
I. = &,
12
g

Substituting for Ii'
E; B ;
z =.§zg and forE_gwe have Z; = Z, (1 + A B).

*L: this analysis A and 3 are positive qusntities and B is subtracted from F’i' In sowe analyses 3
is givea as 8 negative quantity which is added to Ei' The two conventions are entirely equivaleat
snd differ only thet in one case the term (1 + A B) appears in the final zxpressions and in the

other case (1 - A O appears.
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Thus the introduction of feedback gives an input impedance which is (1 + A B) times as
large as the grid circuit impedance. In the fraquency region in which the phase shift of
the emplifier itself is negligible the grid circuit impedance appesurs as a dynamic grid cir-
cuit resistance r_ in parallel with a capacitative reactance C_ and both of these components
are increased by = factor (1 + A ) so that the effective inpu.g resiastance R, = r (1+a4p8
and capacitance Ci = C /(1 + A B). The decrease in effective capacitance of the amnlifier
resuits in a shortening of the iiiput time constant. If the source of the input signal has a
resistance R << Bi' the input time constant will be RC; = RC_'(1 + A B) instead of RC_ and
the frequency passband will be increased proportionately. The frequency at which the sutput
voltage drops to U.707 of its maximum vziue (half-power point), wili shif: from

! o 1 +AR8
2nﬂc‘r 2niC,,

In addition there is an improvement in the stability of the effective voltage gain ¥ of
the emplifier and feedback circuit with changes in factors that affect the gain A of the
amplifier alcne such as tube-aging, changes in the supply voltages, etc.® This can be shown
as follows: Eg = Eo/'A and E(/A =E; - BE,

E
o that the gain 7 =—2 - A
s a gain E; TTAD
. N ¥ 1 . . :
Differentiating, N s and expressing in terms of fractional changes in A

dA (1 +Ap8
i S a—— l x dA
0% 1+A8 A

There fore changes in A bring about much smaller changes in net gain when feedback is present;
the fractiona! change in gain being reduced by the factor
1
1+AB8°

IIT. THE CATHODE FOLLOWER

The first successful and stili most widely used device for coupling & micropipette elec-
trode to an amplifier is the cathode follower (fig. 2). I: amouiiis to a single-stage ampli-
fier in which the entire output signal is subtracted from the input, that iz, 8= 1. The im-
provement that can be obtained from such a device is indicated by the following typical
example.

A high performance pentode such as the SAKS can provide a voltage gain of at least 100
so that 1 + A 8 = 101 and the effective gain 100

7= o1

The effect of the input capacitance comprising the grid to cathode and grid to screen capaci-
tance is reduced by a factor of 101 as previously shown. A further improvement is obtained

*In accordance =itk & common mnge the gain A of the aaplifier without feedback will be referred to
as “the open-loop gain'. The effective gain when feedback is operative =ill be termed “the closed-
loop gain'. 1In tgin report yain will be expreased as the ratio of the output voltage to the iuput
voltage. Logarithmic unita w:ll not be used.
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Figure 2a. - Cathode follower typical circuit. Figure 2b. - Equivulent achematic of figure 2a.

by enclosing as much of the lead to the electrode as possible in a shield connected to the
cathode of the cathode follower where it 1s in parallel with the grid circuit capacitance.
For example, suppose the input lead has u capacitance of 5 uuf. to ground. Enclosing ihe
lead in a shielded cable results in removing the capacitance to ground and substituting 20
i#iif. or zo of cable capacitance to the cathode. As far as the input time constant is cor-
cerned this is equivalent to a capacitance of 20/{1 + A B) uuf. or if the circuit of the

previous example were used 0.2 puf. instead of 5 uuf. so that the input time constant would
have been decreased by a factor of 25.*

Unfortunately the cathode follower is no solution to the grid current problem. If we are
to achieve a lerge value of open-loop gain A in order to take advantage of fcadback in re-
ducing input capacitance we must use a vacuum tube under conditions ir which the amplifica-
tion factor and transconductance are large. These are achieved only when a iarge space cur-
rent flows in the tube. A large space current prodiices a large grii current because electrode
potentials in excess of the ionization potential of the residual gas are required to produ-=

this current and because the rate of production of gas ions is directly proportional to space
current.

It is possible to operate a cathode follower at “the crosscver point’’ and obtain a very
emall d. c. component of grid current. Crossover occurs at a bias of about -0.75 v. to -1.3
v. depending upon cathode tsmperature. It is a condition in which just encugh electrons
emitted from the cathode have sufficient thermal energy to reach the grid and produce a cur-
rent equal and opposite to the sum of the currents produced by positive ion collection, and
photoelectric and thernal electron emission. The neighborhood of the crossover point is a
very unsuitable operating regiaon. In the first place, the grid current changes markedly with
slight changes in heater temperature and with slight shifts in the operating point. Secondly,
the change in grid current with change in signal voltage {the dynamic resistance) of the grid
is very much smaller than when the grid (< biased more negatively. Most tubes have a “platean”
of grid current at biases more negative than about -1.2 to -2.0 volts in which grid current
is practically independent of grid potential over a very wide range. This signifies a high
dynamic grid resistance and the choice of the operating point is not critical. In some cases
it may be possible to buck out a large fraction of the plateau grid current by means cf a
steady potential applied to a fixed resistance. However, such a procedure introduces a criti-
cal adjustment and the input resistance 1is decrcased by the added resistor.

IV. MULTISTAGE AMPLIFIERS

A better solution to the problem consists of using a tube having a very small plateau
vaiue of grid current and making up for the inherent lack of gsin bv means of one or more
additional stages of emplificaticn inside the feedoack loop. Thus an electrometer tube can

°Dr. K. Frank of the National Institutea of Health has made elegant use of tiis principle by shielding
his microelecirodes to within 100 micra or so of the tip by means of a varnished platinum coating.
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be operated us an “input sensing’’ device for an amplifier having a large open-loop gain de-
termined by subsequent stages. As shown earlier the tractional change in gain is reduced by
a factor 1

1+AB

If A B is imch larger than unity, changes in A due to nonlinearity become unimportent.

Electrometer triode follower
(Krakauer 1953).

Various circuit configurations for using an electromster tube have been suggested. The
cathode-coupled circuit has been used very successfully by Krakauer (1953). This configura-
tion is shown in figure 3. The plate supply of the electrometer tube is " floated” on the
cathode of the second tube in such o way that the second stage operates without feedback.
Oversll feedback for both stages is provided by the voltage drop across the cathode resistor
of the first stage. When a tube having a large amplification factor and large transconductance
1s used in the second stage this circuit is capable of excellent performance. Krakauer's
paper describes an lifier in which an ¢ffective input capacitance of 0.1 uuf, and a grid
current of 2 X 107" amperes were achieved. This circuit does not however lend itself to the
use of the negative-capacitance scheme to be described later.

)
! L § }
% y

¢
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[

Figure 4. - Typical configuration of multistage feedback amplifiers.

Another possible configvration is shown in figure 4. This is the familiar inverse-feedback
pair widely used in audio-frequency systems. We have selected this arrangement as most nearly
fulfilling the requirements. The electrometer tube is directly coupl=d to a pertode operated
under conditiors in which a large voltuge guin is produced. To obtain a large gain the plate
load resistor of the pentode must be large. A cathode followsr is thereifore used between the
pentode stage and the low-resistance feedback network. If the amplifier had an open-lcop gain
A of 100 and a feedback factor 8 of 1, the input time constant would be reduced by a factor
of 101 as in the previous =xampie of the cathode follower. The grid current would, of course,
be much less dve to the use of the electrometer tube. As in che cathode follower much of the
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effective capacitance >f the input lead could be rcmoved by enclosing this lead in a shield
connected to the cethode of the electrometer tube. However, this procedure does not remcve
the effects of the capacitance of the electrode itself.

V. NEGATIVE IMPEDANCE

The micropipette electrodes have z capacitence of aubout | puf. per miilimeter of pene-
tration of the tip in‘o solution (Nastuk and Hodgkin, 1950). If the electrode were immersed
5 mm. and had a resistance of 100 megohms the time constant would be 0.5 milliseconds. The
time required to reach 90 percent of full output would be about 3 time constants or 1.5 milli-
seconds. The spike potentials produced by excicabie tissues are usually of shorter duration
than this so that it would not be possible to measure the magnitudes of these potentials with
sach a siow recording system. It would be entirely out of the guestion to measure the time
course of such potential changes. Therefore, it is necessary to reduce the effective capaci-
rance of the electrode itself, as well as the capacitance of the amplifier and input lead.
There are at least two ways of compensating for the time constant associated with the elec-
trode. One is to insert an equalizing network somewhere in the amplifier system (P. R. Bell,
1949B). Such an equalizer would have a change in voltage attenuation and a phase shift with
change in frequency that are so adjusted that the procduct of the veltage attenuations and the
sum of the phase shifts introduced by the electrode and network in series are constant. Thus

been used extensively and has found favor espenially in nuclear physics instrumentation. It
1s quite satisfactory when used with proportional particle counters and ionization chambers
since both R and C are fixed. For electrophysiological work this method has the serious dis-
advantage that it does not reduce the current required to charge the input capacitance.
Usually the capacitance of the input circuit remains moderately well fixed during an experi-
ment (provided the dapth of insertion of the electrode does not change greaniy’. ilowever, the
input resistance may vary over a wide range due to plugring of the electrode tip by tissue
debris and due to changes in the resistance of the tissue itself. Furthermore the tissue re-
sistance is usually a functinn of tne current flowing through it. Although, as shown above,
the d. c¢. grid current can be made very small and the variational resistance of the grid cir-
cuit very high, the current rzguired to charge the input capacitance cannot be neglected.
This current is proportional to the rate of change of the input signal and emounis_to 10°
empere per micromicrofarad per millivolt per millisecond. This would amount to 10° amperes
with an input capacitance of 10 uuf. and a rate of rise of 100 mv/msec. (a not wiusual situ-
ation). A current of this magnitude could cause serious distortion in the recording of the
potential changes produced in a sirgle cell and may cause changes in the state of the cell
itself.

i2

The second way of correcting for the input time constant involves making the ef{fective
input capacitaace arbitrarily smell. This also decreasies the current drawn by the inpui cir-
cuit during rapid changes in signal voltage so that the ohjection to the first methed dess
not apply.

A method of making the effective capacitance of a circuit arbitrarily smail consists of
| adding a negative capacitance of a magnitude nearly equal to the unwanted capacitance. In an
amplifier this 1s accomplished by feeding back a portion of the output signal in such & way
that a current is obtained which i1s just equal and cpposite to the charging current in the
unwanted capacitance. This principle is not new and was first employed in the “neutrodyne’’
circuit widely used in radic receivers during the 19205,

The circuit configuration to bc described is essentially that dev:loped by P.R. Bell, z
(1949A) and is shown schematically in figure 5. Basically similar circuits have been ussd by
Solms, Nastuk, and Alexander (1953) and by Woodbury \1953). .

104



In principle it is possible to obtain a negative resistance, capacitance, inductance, or
a combination of these elements. The following simplified analysis shows how a gencralized
negstive impedance can be obtained.

122 !
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» + + o
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Figure 5. - Schematic of s negative impedance circuit.

In an amplifier having a variational input impedance Z) and a gain 7, an impedance Zy is
connected between the output and thz input terminel. A signal source impresses a potential
E, upon the input terminal which produces an output potential E, = Y E,. The signal source
must supply a current:

. R 4 " - -
L2 TS B RS
Z) (%) (4] Z Z, Zy

The effective input admittance Y. of the whole circuit is defined as the ratio of input cur-
rent to input potential or reciprocal of the effective input impedance Z;, that is

v - i

i Zy

poe

1
Y e e
Z E

Thus it appears that Z; is made up of the parallel combinaticn of Z; and a nugative impedance
v - i

t4|-

. 1t is desired to miake the amplifiear follow the input signal without drawing any current

(other than d. c. grid current) from the signal source, that is to make Ii = 0, Since Ei 1s
in general not zero Y; must become zero and Z; must become infinite. Putting Y; = 0 gives
0 _.L Z_;_L 2_ _Z;L_L - ( 1) . .

) so that Z, " Zy and Zg9 = Z; (» - 1). Thus to make the input impedance of
the amplifier infinite Zy must b the same kind of an impedance as Z; differing from it only
in magnitude by a constant factor (¥ - 1). If Z; is a resistance or an inductance, Zy is a
resistance or an inductance (¥ - 1) times as large, If Z) is a capacitance, Zg must be a

i )
rapacitance 7~ times as large. If Z; is a parallel combination B;, C| then Zy must be a
paraliel combinatior (v - 1) R, Cl/()' - 1),

It is evident that

Y -1 must not be allowed to become larger than 1 because if it
2 4
werz, currert would flow in such s direction 2s to increase the input signal so that th:c
system would have a gain greater than ¥ (a principle made use of in regenerative amplifiers
but producing conditions too unstable for the present application). Indeed if our signal
y -1 1
source had an impedance Z and _ZZ__ >t "ZT, the gain of the system would beconz infiniie

and we would have a trigger cirauit. In practice it is best to keepy_'z.;,l_ always slightly less than

1 s0 that regenerative aiplification cannot take place. The input imp=dance wil! then have a

finite value which can be made arbitrarily large by suiteble design.
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It 1s evident then ar approach to infinite impedance places a premium on the stability of
Y since the magnitude of the negative impedance .”Z. depends critically upon ¥. Hence it is

Y-
desirable to use nepative feedback with AZ >> | as explained in the preceeding section.

BE, -+ = {
¥ s - e

-
o

&l
O«

Figure ©. - Modifrcation of the amplifier in figure 4 to provide capacitance feedbeck.

In an electrometer tube amplifier the resistive component of the input impedance is al-
ready many thousands of megohms and the use of a large amount of negative feedback makes it
st1ll greater. Only the capacitative reactance needs to be compensated which can be accem-
plished by feeding back through a small varisble capacitor C. A more convenient way for
our purposes since it lends 1iself more readily to remote control is to feedback through a
variable. resistive attenuater and fixed capacitor. Thus the effective value ¢! v is changed
while C rcemains constant (figure 6}. It has been found particularly convenient to use the
capacitance of tae cable between the electrode and the input circuit as the balancing ca-
pacitor.” It is connected to a potentiometer that forms & portion of the negative feedback
() network of the preamplifier as shown in the simplified circuit diagram (fig. 6). Except

for the connection to the cable shield the amplifier is ider+‘-zl tc the one shown in figure
4,

¥I. PRACTICAL APPLICATION TO AN AMPLIFIER

In our preliminary considerations before undertaking the design of a preamplifier we
felt our experimental neeis would be satisfied if the following requirements could be ob-

talned:
(a) A stable voltage gain of two or three.
) , RY
(b) Grid current of less than 10° ~ amperes.

(¢) Input time constant of 100 microseconds when nsed with ar elestrode having a
resistance of 100 megohms and a capacitance of 5 uuf.

(d) An input dynamic range of at least * 200 millivolts,

£\ s L aa g H 5 F 2 { 3 )
{e} ¥Means for bucking cut stewiy 1nput signals {zero suppression).

*This can be accomplished satisfactorilv only when a cable is used that has a capacitance that is
neaarly independent of the degree of flexion of the cavle. Flexible coaxial cables filled with semi-
solid Jielectric, especially those usirg tetrafluoroethylen: (teflon) fulfill thia requirement,
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(f) Means for measurement of electrode resistance and input time constant with the
clectrude in place. o

(g) It was desirable that the unit be physically small and remotely operated in
order that it could be attached mechaniczlly to a micromanipulator.

It can be seen, particularly with respect to the input time constant, that we did not place
as severe a requirement as might have been necessary had we been working with fast mammalian
nerve fibers. In our preparations, Lirulus and frog, events were slow enough that this seemed
adeguate at the time.

Before considering the need to go to electrometer tubes (which have some disedvantages
such as the very large microphonic effects caused by the use of a filsinentary cathode) an
examinetion was made of some standard receiving type tubes that cculd be operated under
electrometer conditions. The 5879 pentode seemed acceptable when operated under the condi-
tions shown in table 1.

Table 1
Heater voltage 4.5 volts
Plate voltage + 20.0 velts
Control grid voliage - 1.5 volts
Screen grid voltage + 21.9 volrs
Plate current 2  microamperes
Transconductance 8 micromhos {approximately)

Under these conditions half the tubes (R.C.A.) tested had grid currents of less than 10-°
amperes which were constant over a range of grid veltages of from -1 to -3 volts. Life test-
ing of 4 tubes for 200-hour periods showed negligible change in operating characteristics
after the firs: 24 hours of operation. With the choice of this tube type for the “input
sensing’ device an amplifier design was established (fig. 7) upon the following considera-
tions, a first stage voltage gain of approximately 4 wes cbtained by using a plate load re-
sistor of 560 k ohms. The interstage capacitance was estimated to be about 10 uuf. which
wonld yield en output time constant of 5 u seconds. This was made the limiting time constant
of the system,(i.e., a time coastant that is much longer than all the others).

It was found convenient to elevate the cathode of the second stage to the +22.5 v, tap
on the supply battery in crder to allow direct ccupling to the first stage. The total posi-
tive supply potential was limited to +9 v. This permitted the plate of the second stage to
operate at +60 v. Although the plate to cathode potential was only 37.5 v. with a screen po-
tential of 67.5 v., the secoud stage tube (5879) still had a transconductance of 1000 mi-
cromhos at 1 ma. of plate curremt yielding a voltage gain of about 27. Since it was desire-
ble for the output signal te vary about ground potential the level of the output sigual
from the plate of the second stage was decreased by use of a voltage divider to the 90 v,
negative supplv. This attenuated the signal by a factor of (.6 but the mcthod appeared to
be more satisfactory than the alternatives available. For instance, a coupling battery was
out of the question due to the space reguired and the large capacitaiice Lo ground. A neon
lemp could not have been used because these devices are too noisy to use at signal levels in
the millivolt range.

Hoth sections of a 12A17 operated in parailel were used as an cutput cathode fcllower
with & quiescent current of Z ma., drawn from the 90 v. negative sunply, positive or negative
output signals of about S v. peak were permitted. Adjustment of the output levei was accom-
pliched by varying the j:late supply potential of the first stage of the amplifier.
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Wire wound recistors in the feedback network were necessary since stability and low parti-
cle noise were of extreme importance. Noise generated in the bottom resistor of the feedback
network is not reduced by the feedback so that it is important that this resistor be of the
highest quality. Coupling resistors were of the ordimary composition type and undoubtedly did

contribhute some noise. Carbon ifilm resistors would be preferable.

A 1.5 v. dry cell was used to bias the first stage to permit operation of the input grid
at ground potential. an arrangement that minimizes leskage currents. To reduce ieakage even
further, it was found desirable to use a ceramic tube socket coated with a silicone material
(a teflon socket would be better? and to coat the bottom of the input tube itself with this
material (“Dessicote’’ made by Beckmann Instrument Company, California, has been found to be
especially satisfactory). It is important that the input cahle have the higheat possible leak-
age resistance. "Teflon' cable® and comnectors {(resistivity I0'® ohm an.} is probably t
in this respect with polyethylene nearly as satisfactory from ~he leakage standpoint {10
ohm cm.). However, polyethylene cable has an unpleasant “microphonic’’ effect due to charge
separation when the cable is flexed. This effect is present to a much smaller degree in tef-
lon cable.

We used the 400 series Jones plugs, and rotary switches in which several contacts were

operated in parallel, to secure very low end constant resistance in connectors end battery
switching circuits.

The auxilliary circuits that were used for calibration and zero suppression are shown in
figure 8. The lower portion of the diagram represents the bucking circuit which consisted of
a battery and calibrated potentiometer used to insert a steady potential between the indif-
ferent electrode and the grounded side of the amplifier input. The potential was used to
measure and to oppose large sieady potentials arising within the preparation so that small
votential changes conld be measured at high amplifier gair.

The upper portion of the diagram represents a source of calibration potentia! controlled
by a hand key. The output voltage could be applied either in series with the bucking voltage
(“calibrate” position) or through an individually shielded cstle to a 10'® ohm gless-enclosed
resistor (R; in figare 7) the other end of which was permanently connected to the input grid,
(“test’’ position). This circuit permitted the measurement of grid current, electrode resist-
ance, and input time constant. Tt was also found useful for electrically polarizing tissue
which was being investigated directly ... cugh cthe micropipette.

Grid current wee measured by first balancing the amplifier for zero output with the input
short-circuited by plugging the ground leed into the electrode holder; then removing the
short circuit, the potential was determined that must be applied through B; to restore the
cutput to zero. Then

. E
I8 TE'.

To determine the electrods resistance R two measurements were necessary. First the elec-
trode was inserted into soluticn and the reference electrode grounded. An arbitrary potential
E; was spplied to Ry resulting in a deflecrion of the oscilloscope connected to the amplifier
equivalent to a voltage E, at the grid. Next, R wes grounded and a potential k2 was applied
to the reference tlectrode suificient to produce the same deflection of the oscilloscope as
in the previous case. The resistance R between the grid and the reference electrode was found
direcily since

=

R R E
Ei=E1_L"=EQ__' sothatR’—LBl.
R1+R R R E)

*Amphenol type 21-382 or military specification TG 12£.1! cables are satisfactory.
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The messurement of the :nput time conxziant can in theory be accomplished by appiying a
step change in voltage to the 10 ohm 1zsistor and observing the rate at which the output
voltage changes. If a potential! E is applied, the voltage at the grid will be.

- o B -t/R'C
Eg" ER“‘R (1- e /n )-
Where B<R 1
R! =-—-—l...
F‘Fi

The effective time constant of the input circuit will be the time at which t = R'C when the
outpu: rcaches 63 percent of its final value.

This method of measurement supposes that R) is a pure resistance having no capacitance
associeted with it, a condition not realizabie in practice. Actualiy there is a distributed
capacitance alcng the iength of the resistor and a distributed capacitance to ground. The
effect of the lengthwise distributed capacitance is to present a lower impedance to the high-
frequency components in the signal than to the low- frequency components. This results in a
signal that has too fast a rise, making the response of the input circuit appear better than
it actually is. On the other hand, thz capacitance to ground attenuates the high-freguency
comporients in the signal. The ratio of distributed capacitance to capacitance-to-ground can
be altered by passing the resistor through a hole in a shieid barrier that can be moved back
and forth along the resistor. When the shieid 1s nearest the grid end, the capacitance-to-
ground predominates; when it is at the input end, the lengthwise distributed capacitance pre-
dominates. The hest location unfortunately depends uvpon the resistance and capacitance in the
rest of the circui.; but that is whet we nre tLrving io adiust! To date no good solution has
presented itgelf.

Some workers have estimated the circuit time constant by appiying a square wave in series
with the reference electrode. This procedure may give an erroncous recsult because the elec-
trode capacitance is then in series with the signa! source. When the preparation is active
the capacitance is in parallel with the input circuit giving a slower response. Thus the
measurament makes the response of the circuit appear more rapid than it actually is.

VI1. RESULTS
During a year cf rougyne operatiog the grid currenr 3in the first stage remained stable
in the region of 2 ¥ 1077 o 5 X 107" amperes. Small fluctuations occurred. Apparently this
was due to changes 1n surface leakage resistance with changes in atmospheric humidity.

A tendency toward osciiiation at a frequency of several hurdred kc. appeared and was
cured by compensation of the feedback network with mica capacitors.

Response of the circuit to square wave input through simulated electrodes is shown in
figure 9. Record (a) shows a 5 kc. square wave input signal applied directly to the oscillo-
scope. Records {b}, {c}, and (d) were taken wit . a dumny electrode consisting of a 200 megohm
carbon film resistor passed through a hole in a grounded partition. They show the effects of
no compensation, correct compensatiocn, and over compensation for thc stiay input capacitance
respectively. Record (e) shows the effect of moving the shield partition from the irjut end
to the grid end of the resistor without changing the compensation adjustment used when record
(c) was obtained. As menticned earlier this changes the ratic of lengthwise distributed--
capacitance to capacitance-to-ground. It is evident from the record that these capacitances
associated with large resistors camnnot be ignored.
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Figure 9. - Oscillograms demonstrating respons: characteristics of the preamplifier to a
square-wave input. See text for deteil discussion of individual traces.
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fecord (f) showa the effect of placing a 10 guf. mica capacitor from grid to ground and
thon adjusting the negative capacitance compensation for best response. This record is practi-
cally indistingwishsble from record (¢} in which correct compensation was obtained without
any added capacitance. Thus the circuic is able tu correct for 10 uuf. externzl capacitance.
The improvement in response time is really quite striking. The time constznt of 200 megohms
and 10 puf. is 2,000 microseconds. The effective time constant obtained from the record is
only 2 4 sec., & factor of 100 improvement. Record (g) shows the effec of a 10 megohm in-
put resistor with 10 uuf. capacitance from grid to ground. The effectivc time constant in
this case is still in excess of 19 microseconds. It is evident that with source resistances
of the order of 10 megohms the reduction in effective time constant is not as great as with
reaisiances in excess of 100 megohms. This effect iz due to the limited band width of the
awplifier. In the simplified analysis given in this report an ideal lag-less amplifier was
assumed. Actually there is ¢ time delay due to the resistances and stray cepacitances asso-
ciated with the coupling cizcuits. This means that the negative feedback at a given frequency
is not exactly 180° out of phase with the input signal nor is the positive feedback exactly
in phase with the signal. At frequsncies where the phase shift is 90° the feedback does no
good whatever. If the phase shift exceeds 90° the sense of the feedback becomes reversed.
In the amplifier under discussicn the phase shift is limited to 90° by having a single time
constant much greater than the otheis. Siice a single RC circuit c=ianor have a phase shift
greater than 90° it i3 only necessary that this circuit produce sufficient attenuation at
frequencies at which the other coupling circuits can have appreciable phase shift. If the
gain is lsss than unity at these frequencies the circuit cannot cscillate.

As mentioned previously the coupiing circuit between the first two stages furnished the
controlling phase shift. The time constant was estimated to be S5 microseconds. The frequency
2t which the output voltage would be reduced to 0.707 its low-fremency value would be

f= i = 32 KC. Figure 10 shows that this estimate 1s somewhat optimistic. The measured

frequency was about 19 KC corresponding to a time constant of ebout 8 u sec. The curves
corresponding to the fiiled circles show the amplitude and phasze characteristics of the
emplifier with the negative feedback loop open. Ciosing the feedback loop® resulted in a
marked improvement in the high frequency response as shewn by the curves corresponding to
the open circles. In this case ihe gain began to fall off and phase shift became appreciable
at about 100 kc. If a stili smaller effective time constant were required it would be neces-
sacy to design an amplifier having better high-irequency response with the feedback loop
open. This could be accomplished by decreasing the value of the plate resistor of the first
stage and making up for the loss in gain by the use of a wide-band amplifier having several
stages inside the feedback loop. However, the present amplifier was adequate for the pur-
poses for which it was being amnloyed.

VIII. NOISE FIGURE

The preamplifier was designed to work at signal input levels in excess of 1 mv. but
since some applications may require operation with much smaller signals, tests were made to
determine the noise rcontributed by the rubea and circuit and to compare it with the noise
produced in several values of input resistance. An oscillator (Hewlett-Packard 200c) was
connected to the presmplifisr through a calibrated attenuator (General Radio Microvolter).
Measurements were made with several values of resistance inserted in series between the at-

plifier and oscilloscope having a response which was constant from zero frequency to several

*It should be noted that the curves shcwn in figure 10 were taken under test conditions in which
[3:1/2 rather than 1/3. With S = 1/3 the feedback wouid rot improve the high-frequency response as
much zs the curves indicate.
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kilocycles and which diopped smoothly to half voltage at 10 kc. The negative capacitance
control was adjusted for esch value of input resistance so thai ibe haif-voltage point of
the overail system was waintained at 10 kc. A 1 kc. signal from ths oscillator was adjusted
until the signal was judged egual to noise on the persistent (P7) screen of the oscilio-
scope. Because of the inaccuracy of the measuring technique several readings were iuken and
avaraged as shown in table 2.

Table 2
Input resistance Signal judged equal to noise Theoretical rcise
5.5
5.0
6500 ohms 4.8 Average 4.9 4 v. Negligible
4.0
4.6 /
11
14
I megohm i2 A 12.8 v, 13 4 v.
(Shallcross Wire 13 > veroke # #
Wound) i4 )
13
8
10 megohms 36
(I.R.C. Carbon 39 Average 37.6 u v, 40 uv.
Film type D.C.H.) 39
3a

The theoretical nnise in a pure resistance at 300° K. is given by E- = 1.64 x 10-%° paf.
Where E is the r. m. s. noise voitage, B 1s the resistance and Af. 1s the freguency band
over which the measurement is taken. The noise that should have been gererated in each in-
put resistance is also shown in the table. It 1s evident that the measured values of noise
are too low compared with the theoretical values especially when the 4.9 u v. of tube and
circuit noise are subtracted from the experimental figures. The noise values for 1| meg. and
10 meg. are in nearly the correct ratio to one anouncr

(\--‘—)
\ 10 /
and the scatter in the measurements is quite small Apparently there is a systematic error
in the data. Probably the wrong criterion was consistantly used in judging the signal equal
tc noise and the actua! effective bandwidth was probably less than 10 kc. Since the high
frequency cutcif of the measuring system was not perfectiy sharp there was some attenuation
below 10 kc. and some output above 10 kc. the net contribution of these two opposing effects
should be taken into account i1n an accurate measurement. It is probable tliat the half-power
(0.707 voltage) point should have been used to specify the bandwidth. (‘This would hsve made
the bandwidch scuewhat narrower.)

Even if 1t 1s assumed that tie measurements were in error by a factor of two, the im-
portant point, however, 1s that the eff:ctive noise in the input circuit wss not markedly
increased over the theoretiral valu= Ly use of a negaiive capacicance. Furthermore, 1t ap- 3
rears that the input tube and circuit s!lone were not excessively noisy.

As an additional check the tube and circuit noise were measured by an independent method.
A variahle resistance was connected across the input circuirt end the value of resistance
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necessary to produce a noise cutput double that of the short-circuited amplifier was deter-
mirned. Ten measurements were made as shown 1n table 3. The average velue of resistance pro-
ducing noise equivalent tec that produced by the preamplifier vas found to be 137 k. This
resistance should theoretic 1lly producs = noise of 4.75 4 v. in a i0 kc. bandwidth: a figure
in good agreement with the 4.9 u v, determined by the direct method.

Table 3

EAverazc 137 k Calculated Noise in 137 k = 4.75 v,

r-x EalE S B Sl i
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